Using very-low-temperature molecular beam epitaxy growth techniques, an amorphous InGaP layer was deposited to protect the surface during lateral oxidation of an underlying AlGaAs layer. For comparison, other oxidation protection layers such as SiN x and SiO 2 were also studied. The oxidized structure consisted of single crystal In 0.25 Ga 0.75 As grown on the underlying AlGaAs layer, and then capped with an oxidation protection layer. The oxidation rate of the amorphous InGaP was investigated and compared to the oxidation rates of both single crystal InGaP and GaAs. In addition, the effects of the InGaP layer thickness on the threading dislocation density of the In 0.25 Ga 0.75 As layers were investigated. It was found that the amorphous InGaP layers allowed for threading dislocation reduction in the underlying In 0.25 Ga 0.75 As layers, while the dielectric protection layers caused an increase in dislocation densities. Atomic force microscopy was also used to investigate the surface after removal of the InGaP protection layers.
I. INTRODUCTION
Important optical and transport devices would benefit from substrates with a lattice constant between those of GaAs and InP. The availability of high-quality substrates in this range greatly limits the layers that can be grown for device use. Recently, metamorphic growth techniques have been used to grow thick lattice mismatched In x Ga 1Ϫx As layers with high indium compositions on GaAs substrates. 1, 2 One technique to create a high-quality layer with a larger lattice constant than GaAs is to grow an In x Ga 1Ϫx As layer on an underlying Al x Ga 1Ϫx As layer and then perform postgrowth lateral oxidation to relax the strained layer. [3] [4] [5] Unfortunately, the surface of the In x Ga 1-x As layer is often damaged by the high-temperature oxidation process possibly causing problems with post-oxidation processing and device performance. This is especially problematic as the indium content of the films gets larger, which is needed for highspeed transport devices. In addition, layers grown over the critical thickness of the ternary alloy will have threading dislocations ͑TDs͒ and misfit dislocations within the films. Previous work on this material system has shown that lateral oxidation can improve the quality of the InGaAs layer by reducing dislocation densities in the films. 3, 4 In this experiment, we compare several different oxidation protection layers including SiN x , SiO 2 , and amorphous ͑␣͒ InGaP. Through very low temperature molecular beam epitaxy ͑VLT-MBE͒ techniques, 6, 7 we can deposit ␣-InGaP material that does not have a characteristic lattice constant. This very important characteristic allows for a large tolerance in compositional control as well as a flexibility in the use of this protection layer in multiple material systems. In this article, we investigate the oxidation rates of the ␣-InGaP layer and compare it to those of single crystal InGaP and GaAs. Also, we describe the effects of the different protection layers on the dislocation reduction during lateral oxidation. Finally, the surfaces of the oxidized samples were investigated using atomic force microscopy ͑AFM͒ after removal of the ␣-InGaP.
II. EXPERIMENT
In a previous study, we demonstrated the growth of lowdefect density In 0.25 Ga 0.75 As on GaAs by careful control of the growth parameters. 8 Samples in this experiment were grown by a solid-source MBE technique using valved group-V cracking sources. Using these results, the samples studied in this experiment were grown with the same basic structure: a 2000 Å In 0.25 Ga 0.75 As template layer grown on a 1000 Å underlying AlGaAs layer with an aluminum composition of 98%. For the ␣-InGaP protection layers, the sample was allowed to cool to 100°C, as measured by the thermocouple located at the rear of the sample, with no group-V overpressure. The ␣-InGaP protection layers, with thicknesses ranging from 5 to 50 nm, were deposited on different samples. These ␣-InGaP layers had an In composition of approximately 50% and were deposited at a growth rate of 0.5 monolayers ͑ML͒/s as calibrated with crystalline InGaP by reflection high-energy electron diffraction intensity oscillations at normal growth temperatures. A phosphorus overpressure of 1.3ϫ10 Ϫ6 Torr was used during the deposition of the protection layer. The SiN x and SiO 2 protection layers were deposited using plasma-enhanced chemical vapor deposition at a temperature of 300°C with thicknesses ranging from 10 to 50 nm.
In order to use the amorphous InGaP layer as an oxidation barrier, its oxidation characteristics must be investigated. A 0.5-m-␣-InGaP layer was deposited on a GaAs substrate, using the growth parameters described above, and oxidized at temperatures from 550°C to 650°C for various times. For comparison, a single crystal InGaP layer lattice matched to GaAs was oxidized at the same time to compare the oxida-tion rates to other semiconductor materials. In addition, these data were compared to published oxidation rates of singlecrystal GaAs. 9 Transmission electron microscopy ͑TEM͒ was used to measure the oxidation rates for each of the materials. Using the data obtained, the approximate oxidation rates at a temperature of 450°C, which is used in the lateral oxidation process, were estimated.
For the remaining portion of the study, the In 0.25 Ga 0.75 As/AlGaAs samples were patterned with 5 m lines spaced 50 m apart using standard photolithography. The protection ͑SiN x , SiO 2 , and ␣-InGaP͒ InGaAs and AlGaAs layers were then wet-etched to expose the oxidation layer. Then, the structures were laterally oxidized in an opentube furnace at a temperature of 450°C for 20 min ensuring that the underlying AlGaAs layer was totally oxidized. Water vapor was supplied to the furnace by bubbling nitrogen at a rate of 100 sccm through a water reservoir kept at a temperature of 85°C. TEM measurement was performed on the three structures to determine the effects of the protective layer thickness on threading dislocation densities. Finally, the surfaces of the underlying InGaAs layers were investigated using AFM. After removing the ␣-InGaP protection layers, a 5 mϫ5 m area was analyzed to characterize the surface morphology.
III. EXPERIMENTAL RESULTS

A. Oxidation characteristics
The oxidation rate of the ␣-InGaP layer was found to be comparable to its single crystal counterpart. As can be seen in Fig. 1 , the GaAs oxidized the fastest at each of the temperatures investigated. Both the single crystal InGaP as well as the ␣-InGaP oxidized at approximately the same rate. Also, the oxidation rate of the GaAs was approximately three times faster than the InGaP materials at 450°C. Note that at the oxidation temperatures used in the template processing, 450°C, the amorphous InGaP layer shows little oxidation, ϳ10 nm/h. This is of great importance for protection of the underlying InGaAs layer and indicates that thin oxidation barrier layers are sufficient to prevent damage to the underlying structure.
B. Effects on threading dislocation density
In a previous study, using no protection layers, the TD density in the InGaAs films was shown to be reduced by one order of magnitude, from 10 7 cm Ϫ2 to 10 6 cm Ϫ2 , during the lateral oxidation process. 3 The stress from the volume contraction of the AlGaAs layer, as it is converted to its native oxide, is thought to act as a driving force allowing the motion of the TDs. 3 To determine the effects of the capping layer on this advantageous effect, samples were prepared using different thicknesses of protection layer. Figure 2 shows the relationship between the percent change in the TD density and the thickness of the different protection layers. As can be seen, both the material choice and the thickness have a dramatic effect on TD density. Both the SiN x and the SiO 2 capping layers showed an increase in TD density causing an unwanted degradation in material quality. Also, the TD densities increased more as the protection layer thickness was increased. Both dielectric layers, with a thickness of about 10 nm, caused TD increases of over 100%. As the protection layer thickness increased to about 40 nm, the TD density increased to nearly 170% and 280% for SiN x and SiO 2 , respectively. With layers thicker than 50 nm, delamination of the InGaAs from the underlying Al-oxide was observed. In contrast, the ␣-InGaP protection layers allowed for TD reduction as previously seen with no protection layers. However, thicker ␣-InGaP protection layers tended to lessen this effect with the thickest protection layer offering only a modest reduction in TDs. The thinnest ␣-InGaP protection layers showed a 90% decrease in TD density, as compared to the original dislocation density of 10 7 cm Ϫ2 as seen in the asgrown samples. The thicker protection layers of 25 and 50 nm showed a 52% and a 15% decrease in TDs, respectively.
With the dielectric protection layers, several factors are thought to cause the material degradation. The dissimilar thermal expansion coefficients between the dielectric layers and the underlying semiconductor materials may be a contributing factor. Also, the different material strengths as well as the internal residual stress in the deposited dielectric layers could cause material degradation as seen in the delamination of the InGaAs material with thicker ͑Ͼ50 nm͒ protection layers. Another important factor is the thickness control when using the dielectric protection layers. As previously stated, the TD density is a function of the protection layer thickness. The deposition technique used for these protection layers does not easily lend itself to reproducible control of thickness, especially with the very thin layers used in these experiments. These control problems were not encountered using VLT-MBE growth techniques.
In stark contrast to the poor results seen with the dielectric capping layers, the ␣-InGaP allows for TD reduction even with larger protection layer thickness. While the TD reduction mechanism is less efficient with thicker ␣-InGaP capping layers, it still provides some material improvement. The decrease in TD density reduction in the thicker ␣-InGaP layers is due to a decline in TD motion. The thicker amorphous layer acts as a rigid cap which pins or slows the TDs at the InGaAs/␣-InGaP interface. The thinner ␣-InGaP layers are not as mechanically strong thereby allowing increased motion of TDs in the In x Ga 1Ϫx As layer, as compared to samples using a thicker amorphous protection layer. In addition, the thermal expansion coefficient of the ␣-InGaP material is likely closer to the underlying semiconductor materials than the dielectric layers. Also, the material does not have stressinduced problems as seen by the fact that there was no delamination of the structures even with the thickest ␣-InGaP protection layers used.
C. Post-oxidation surface analysis
With the results seen above, the advantages of the ␣-InGaP material as a protection layer are evident. For device fabrication, some portion of the protection layer would have to be removed to allow for metallization or other postoxidation processing. Using the selective etch of HCl acid mixed with de-ionized water, the ␣-InGaP was removed from the surface of the underlying InGaAs layers. AFM analysis was performed on a 5 mϫ5 m area to determine the surface morphologies. As seen in Figs. 3͑a͒ and 3͑b͒ , the surface morphologies were dependent on the thickness of the ␣-InGaP protection layers. For the 5 nm protection layer, the surface morphology is irregular and somewhat rough. There are large ͑ϳ30 nm height͒ islands remaining on the surface after the HCl/DI water etch. To exclude residual ␣-InGaP as a cause of the poor morphology, the surface of the etched sample was analyzed using energy dispersive x-ray spectroscopy. The results showed no residual phosphorus on the surface of the sample, indicating the complete removal of the protective layer.
The surface morphology is improved using thicker ͑50 nm͒ ␣-InGaP protection layers as seen in Fig. 3͑b͒ . Unfortunately, the thicker layers retard TD motion preventing the large reduction in dislocations. The removal of the ␣-InGaP layer is confirmed by the cross-hatched morphology, present in the as-grown samples. The morphological dependence on ␣-InGaP thickness is likely a result of the preoxidation surface morphology. The as-grown InGaAs layers have a crosshatched surface morphology with surface features of 10-15 nm, which exceeds the thickness of the 5-nm-␣-InGaP layer. This may prevent complete coverage of the underlying InGaAs leading to surface damage from the oxidation process. From the data shown, a compromise between the ␣-InGaP layer thickness and the TD reduction is needed for optimal results.
IV. CONCLUSIONS
In conclusion, a comparison of different oxidation protection layers has been performed. Oxidation characteristics determine that ␣-InGaP oxidizes at the same rate as single crystal InGaP and at slower rates than single crystal GaAs. In addition, the oxidation rate is slow at conventional temperatures used in this study ͑450°C͒. This allows the use of thinner protection layers, which is beneficial to TD reduction. More importantly, the ␣-InGaP allows for TD reduction in the underlying InGaAs epilayers during lateral oxidation. This is in opposition to the dielectric capping layers used, which actually cause a dramatic increase in TD densities. Surface morphologies were dependent on the thickness of the ␣-InGaP protection layers. The thinnest ␣-InGaP layers used, 5 nm, resulted in a rough surface morphology. However, thicker ͑50 nm͒ ␣-InGaP layers allowed for a smoother surface, though with a noticeable decline in the effectiveness of the TD reduction mechanism. With a compromise between TD reduction and protection layer thickness, the ␣-InGaP material offers many advantages over other protection layers. FIG. 3 . ͑a͒ Atomic force microscopy micrographs of an In 0.25 Ga 0.75 As/Al-oxide structure with a 5 nm ␣-InGaP protection layer that was removed after lateral oxidation. ͑b͒ Atomic force microscopy micrographs of a similar In 0.25 Ga 0.75 As/Al-oxide structure with a 50-nm-␣-InGaP protection layer, removed after lateral oxidation. The thicker ␣-InGaP layer resulted in smoother surfaces after the lateral oxidation process.
ACKNOWLEDGMENTS
The TEM was carried out in the Center for Microanalysis of Materials, University of Illinois, which is supported by the U.S. Department of Energy under Grant No. DEFG02-91-ER45439. This work is supported by DARPA ͑DAAG 55-98-1-0303͒.
